Abstract--Microwave tomographic imaging technology using a bi-focusing operator has been developed in order to detect the internal voids/objects inside concrete structures. The imaging system consists of several cylindrical or planar array antennas for transmitting and receiving signals, and a numerical focusing operator is applied to the external signals both in transmitting and in receiving fields. An imaging algorithm using numerical focusing operator was developed, which allows the recovery of a 2-dimensional object from its scattered field. Numerical simulation demonstrated that a sub-surface image can be successfully reconstructed by using the proposed tomographic imaging technology. For the experimental verification, a prototype planar antenna array was fabricated and tested on a concrete specimen.
I. INTRODUCTION
Nondestructive assessment of concrete structures, currently, heavily relies on visual inspections, which apparently have some limitations. Majority of highway bridges are concrete bridges, and invisible damage such as voids and cracks inside concrete and debonding between rebars and concrete caused by corrosions and earthquakes is of significant concern.
In the previous work [1] - [4] , the authors developed an electromagnetic imaging technology using surface-focused microwave. This was developed to assess the bonding condition of FRP-jacketed concrete structures. The experimental results successfully detected the area and the location of the voids. Accurate information about the void's depth, however, cannot be obtained easily because the correlation of the depth and the measured signal has to be experimentally determined. Apparently, it is not easy for all possible damage cases.
In this study, a sub-surface-focused microwave imaging technology using transmitting and receiving arrays, as shown in Fig. 1 ., is developed, in order to assess damage within a concrete structural element far away from its surface and to obtain the depth information about damage. This technology can construct a microwave image, showing the information under the surface, thus it is possible to detect the depth of damage in concrete. Furthermore, this technology uses transmitting and receiving arrays with several antennas and the focusing point can be quickly adjusted by software without moving the hardware, which makes it possible to quickly measure a large area involving many points.
The proposed sub-surface imaging technology uses an arrangement consisting of several cylindrical or planar array antennas for transmitting and receiving signals, and a numerical focusing operator is applied to the external signals both in transmitting and in receiving fields. First, this paper describes a numerical focusing procedure, which allows the recovery of a 2-dimensional tomographic image of an object from its scattered field. Second, some numerical simulations for the study of reconstruction parameters and the verification of reconstruction algorithm are presented. Finally, experimental verification through the tests on the concrete blocks demonstrated that the sub-surface focused imaging technology, using the proposed antenna array, can successfully detect the voids and defects inside the concrete structure. 
II. RECONSTRUCTION ALGORITHM

A. Analytical Formulation
The measurement geometry, shown in Fig. 2, uses N Due to the basic 2D characteristic of the geometry under study, each element consists of a long vertical antenna array with a uniform current distribution. In practical terms, the length of the vertical antenna array has to be greater than the transversal dimension of the focusing area. The concrete was assumed to be homogeneous and the effects from aggregates size were not considered in this theoretical model. Following the electromagnetic compensation principle, the illumination of an object induces an equivalent electric current distribution, J eq (x 0 ,y 0 ,z 0 ), and this distribution makes an electromagnetic image of the object in image reconstruction [5] - [6] . The reconstruction algorithm forms every image point by means of the synthesis of two focused arrays (transmitting and receiving arrays), i.e. all the elements of both arrays are weighted by focusing operator so as to be focused on a unique object point. This can be achieved by numerical treatment of the measurement matrix.
The focusing operator can be obtained by taking an inverse of the field induced by a current line. It is well known that the electric fields of the infinite electric line source are proportional to a Hankel function of the second kind whose argument is proportional to the distance from the source to the observation point. Therefore, the incident field at r i (x i , y i ) when focusing on every transmitting point r tn (x tn , y tn ) on the reconstructing point r f (x f , y f ) can be expressed as
where I Tn (x f , y f ), the focusing operator, is given by
and k e is wavenumber in concrete (ε r =5.3). Scattered field measured at r rm (x rm , y rm ) of a defect (object) placed at r 0 (x 0 , y 0 ) is ( 2) 
where I obj is a constant for every object containing its electromagnetic macroscopic characteristics.
When focusing back the received field at r rm (x rm , y rm ) on the point of interest r f (x f , y f ), the electromagnetic image of
where I Rm (x f , y f ), the focusing operator, is given by
Finally, the entire process can be grouped as follows:
[ ]
B. Reconstruction Parameters
The formulation derived in the previous section has been applied to the case of two cylindrical arrays of 32 antennas each, at a frequency of 10.0GHz (λ 0 =3.0cm, λ e =1.3cm).
Figs. 3(a) and (b) respectively show the focusing intensity of transmitting and receiving signals in concrete when focused at the point of (ρ =0.20m, φ =0°), which is (x=0.20 m, y=0m) in rectangular coordinates. The focusing intensity reaches the maximum value (32) at the focused point. This value is consistent with the number of transmitting and receiving antennas. In order to study the focusing capability of the system at different distances and view angles, nine point-like objects were placed at the boundary and the central landmark point of the reconstructing 2D cross section. The results, as shown in Fig. 4 ., show good uniformity in the focusing intensity levels, which is normalized from 0 to 1, at the 9 points. The impulsive shape of the focusing intensity at the focused point suggests a very good behavior of the reconstruction algorithm. Finally, simulations using numerical measurements were conducted in order to verify the resolution capabilities of the system. As shown in Fig. 5 ., the results demonstrate that the system, due to the use of bi-focusing (focusing both in the transmitting and receiving arrays), is able to achieve a resolution in the order of the wavelength, both in transversal and in the longitudinal directions, in the dielectric medium. This clearly improves the resolution of a conventional system using mono-focusing (focusing the receiving array only) [7] . 
III. ANTENNA ARRAY DESIGN
A. Design of Slot Antenna Arrays
Based on the electrical and geometrical parameters of the concrete specimen to be inspected, an illuminating frequency of 5.2GHz was chosen as it represents a reasonable tradeoff between the signal attenuation and the image resolution. The resolution can be 2.5cm at 5.2GHz, which is obtained from the wavelength (λ e ) in concrete. Also, the 5.2 GHz frequency was chosen as an adequate 1:2 or 1:4 scale model for the geometries and wavelengths of the real columns and also to work with dimensional tolerances that facilitate the laboratory.
A microstrip slot antenna was chosen in order to be directly attached to the concrete surface or the matching cush-ion. The microstrip slot antenna has the advantage of being able to produce either bi-directional or unidirectional radiation patterns with a large bandwidth. The strip and slot combination offers an additional degree of freedom in the design of the microstrip antenna [8] - [9] .
At last, the geometry of the slot antenna was determined so as to obtain a wide bandwidth at the resonance frequency of 5.2GHz. Fig. 6 . illustrates the design based on the considerations described above. 64 (8×8) slots for each array and a dimension of 20cm×20cm were selected as they represent a reasonable tradeoff between the resolution and the reconstructed area covered by the antenna array. As shown in Fig. 6 ., the planar rectangular microwave antenna is composed of transmitting and receiving arrays, each consisting of 8×8 slot antennas. Each of these two planar 8×8 arrays consists of a parallel fed 8-element uniform vertical array producing a tomographic focused slice perpendicular to the vertical axis of the structure, and an electronically switched 8-element horizontal array able to focus at a particular point inside the previous tomographic focused slice. The transmitting antenna array focuses the illuminating fields on a particular point inside the volume of investigation and the receiving array focuses the receiving beam on the same point. The antenna array is a sandwich structure with two metallic grounded substrates separated by a light foam layer. The grounded substrate close to the target concrete structure contains the radiating halfwavelength (λ/2) slots in the exterior ground plane and the 100Ω microstrip feeding line on the interior side. The second grounded plane, quarter-wavelength (λ/4) apart from the slot plane, acts as a reflector in order to produce unidirectional radiation towards the volume of investigation.
B. Measurement Results
The fabricated antenna array was placed on a concrete specimen with the slots facing the surface of the concrete, so that the wave radiates through the concrete. The reflection (S ii ) and transmission parameters (S ij ) were tested in order to investigate the matching condition and mutual coupling. Fig. 7 . shows a good radiation performance at the illuminating frequency, and that interference between the co-lateral elements is as low as -20 dB. 
IV. NUMERICAL SIMULATION
Numerical simulations were carried out to test the proposed algorithm for the image reconstruction of a concrete specimen with internal air voids and steel bars. The reconstruction parameters including effective focusing area were investigated. Totally 7 cases were modeled with 5.2GHz as an illuminating frequency and the image of each case was reconstructed. Some of these numerical simulations were compared with the results with 10.0GHz as the illuminating frequency. This comparison showed that the resolution can be improved by using the higher illuminating frequency. For the simulation, planar rectangular antenna arrays were used with 8 transmitting/receiving antennas for the case of 5.2GHz and 16 transmitting/receiving antennas for the case of 10.0GHz. For simplicity, only a 2D rectangular geometry was considered for the investigation and only Y polarization of the antenna was used. Extension to 3D can be easily obtained by using the spherical Green's function as a focusing operator instead of the Hankel function.
A. Effective Focusing Area (EFA)
Reconstruction parameters such as focusing intensity and impulse response of the system for the planar antenna array were investigated again, because the geometry of the fabricated antenna array and the frequency range are different from the cylindrical system used previously. Based on the results of a parametric study using point-like objects, the effective focusing area (EFA), in which the focusing operation is effective, was determined. In other words, the focusing intensity level and impulse response shape have a good uniformity in the effective focusing area. Also, the effective penetration depth is determined by the effective focusing area. The shape and size of the effective focusing area (penetration depth) strongly depend not only on the electrical size of the measuring line, but also on the arrangement of the transmitting and receiving elements, which means that the EFA of a planar antenna array differs from the one for circular antenna array. Through a series of simulation using point-like objects, in which the focusing intensity level and shape of impulse response at different locations were compared, the effective focusing area was determined as the shape of a trapezoid, as represented in Fig. 8 . 
B. Simulation Results Using5.2GHz
Based on the reconstruction parameters, especially the effective focusing area, numerical simulations were carried out. For the direct problem in which the antenna radiates a wave and receives the scattered field, a 3D structure simulator, CST Microwave Studio TM , was used for measuring the transmission parameters (S ij ) in each array. Totally, seven geometries were modeled with a 16-slot antenna. In the simulation, the background material was modeled as concrete so as to radiate the wave through the concrete. Open boundary conditions were applied at the top and the bottom of the geometry in order to generate absorbing conditions.
Using the S ij measurements from each array, the measurement matrix of Eqn. (6) was assembled and the electromagnetic image of E f (x f , y f ) at r f (x f , y f ) was obtained as presented previously.
All the objects used in the numerical simulation were located inside of the effective focusing area. The reconstructed images for each case are reported in Fig. 9 along with the model description and the reconstructed area. In case 1, the air sphere was successfully reconstructed with exact location and size as represented in Fig. 9(a) . The reconstructed area was limited to 5cm in x-direction because the open boundary in CST Microwave Studio TM was set at the y-axis, from which the distance to the antenna array is 5cm. The reconstructed area in the x-direction for the other cases was also determined by the location of an open boundary (10cm in the x-direction).
Cases 2, 3 and 4 are similar with the ones in the parameter investigations in Section II, in which the system was able to achieve resolution of the order of a wavelength in the dielectric medium. Cases 2 and 3 show the transverse and longitudinal resolution of the system, respectively. The wavelength in concrete at 5.2GHz is about 2.5cm, which provides the resolution of the system of 2.5cm.
As represented in Fig. 9(b) , the locations of two steel bars separated with transverse distance of 2.5cm (λ e ) were detected apparently, although the resolution was not sufficient enough to reconstruct the exact shapes of the bars. Fig. 9(c) shows the reconstructed image of two steel bars placed at a longitudinal distance of 2.5cm (λ e ). In this case, the two bars could be successfully identified, but the exact shapes could not be reconstructed due to the lack of resolution. From the results of cases 2 and 3, it was demonstrated that the resolution of the system with planar antenna array is of the order of a wavelength in concrete (2.5cm), which can identify the approximate shapes and locations.
In case 4, six steel bars were placed at the boundaries of the effective focusing area for the reconstructing of a 2D cross section. The result, as shown in Fig. 9(d) , demonstrated that the objects near the antenna arrays are more clearly identified rather than the ones at the farther boundaries of effective focusing area, which is marked by black line, from the antenna array.
In cases 5 and 6, a square and a rectangular air block were placed inside the concrete material, respectively. As shown in Fig. 9(e) and Fig. 9(f) , the reconstructed image shows the exact location and the approximate size of the air blocks in both cases, although there was some noise. These two cases were investigated again at the higher frequency in order to demonstrate the improvement of resolution.
In case 7, a steel square bar and an air block were placed inside the concrete material. The difference in the dielectric constant between steel and concrete is much bigger than the one between air and concrete. For this reason the air void is more difficult to detect than the steel bar. As shown in Fig.  9(g) , although the steel is located far from the antenna array, the main features are correctly located, including size and position, while for the air void only the location is detected.
Using the results of the numerical simulation, the efficiency of the image reconstruction algorithm was tested through different cases, including steel, air voids, or combinations of the above. Within the effective focusing area, the location and size of objects were successfully detected.
C. Simulation Results Using10.0GHz
In the antenna design, the illuminating frequency was determined as 5.2GHz as a good compromise between a set of different parameters, such as size, resolution, attenuation, and simplicity of prototype. For that reason, the resolution of the system, as shown in the previous simulation results, was limited to 2.5cm and the exact shape of the object inside concrete could not be reconstructed. Better resolution, however, can be obtained by increasing the illuminating frequency.
In order to demonstrate the improvement of resolution using higher illuminating frequency, cases 5 and case 6 were investigated again with 10.0GHz as an illuminating frequency. For the numerical simulation, the planar rectangular antenna arrays with 16 transmitting and 16 receiving antennas were used. The results in Fig. 10 show that the resolution of the reconstructed image can be improved by increasing the illuminating frequency and that the exact shape and location of the voids can be reconstructed when using 10.0GHz. 
V. EXPERIMENTAL IMPLEMENTATION
A. Experimental Setup and Calibration
The effectiveness of the proposed sub-surface imaging technology using the developed microwave antenna array was investigated through a series of experiments on a concrete panel and a concrete block. In the experiment, a concrete panel with a hole at the center and a rectangular concrete block were used. The concrete panel was first used for calibration (to be described). Then, a sphere hole was placed on one of the faces of the concrete panel to simulate damage. Two types of artificial voids were generated inside a concrete block with a dimension of 30cm×30cm×30cm. The first involved a square Styrofoam block of 2cm on the side and the other involved a rectangular Styrofoam bar of 5cm×2cm×2cm. The Styrofoam block was inserted into the concrete during the pouring of concrete with the distance of 3cm from the face of concrete to the face of Styrofoam in both cases. The samples using steel bars in the air were also prepared. All the experimental cases were described in Table I.
The experimental setup consisting of a network analyzer, a switch box, coaxial cables and antenna arrays is represented in Fig. 11 . The network analyzer was used to evaluate the transmitted portion of signal through the medium (S 12 ). The switch box is a RF network capable of controlling multiple antennas in the array and selecting them individually to perform S 12 measurements. In order to remove the effect of wave reflections and loss in the coaxial cables and/or in the switch box from the measurement matrix, calibration with respect to each transmission measurement (S ij (mea) ) is needed. For the calibration purpose, a concrete panel without defect and steel plate were used as represented in Fig. 12 . Each transmission measurement, without all the effects from coaxial cables and switch box, which is from the transmitting array to the receiving one, is proportional to the zero-order Hankel function of the second kind, H 0 (2) (k e,conc d ij ), whose argument is proportional to the distance from the transmitting array to the receiving one, d ij [10] . All the measurement effects from the coaxial cables and the switch box (calibration factor), therefore, can be calculated by dividing each transmission measurement of calibration (S ij (cal_mea) ) by the zero-order Hankel function of the second kind, and the calibrated transmission measurement (S ij (cal) ) can be obtained by dividing each transmission measurement (S ij (mea) ) by a calibration factor, as follows for the case of transmitting array i and receiving array j.
where
0 ,
The amplitudes of the calibrated measurements in concrete without defects are proportional to the distance between the transmitting and the receiving arrays, and symmetric with respect to the diagonal in the measurement matrix. The calibration factors of each transmission measurement at 5.2GHz were used for calculating the calibrated measurement matrix in the experiments.
B. Experimental Results
A continuous 5.2GHz sinusoidal EM wave was generated from the signal analyzer and sent to the test specimen. Switch box controls the location of transmitting and receiving arrays from S 1,9 to S 8, 16 . Transmission measurements of each transmitting and receiving array pair at 5.2GHz were assembled into a measurement matrix.
Each measured signal was divided by the calibration factor at 5.2GHz as described in previous section, and was assembled into the calibrated measurement matrix to be multiplied by numerical focusing operators. The reconstructed images of a center cut in each case are plotted in Fig. 13 by the amplitude of electric current distributions. All the images contain steel objects or air voids.
In case 1, the location of the steel sphere is detected as well as the size, although there are edge effects from the small size of the concrete specimen, which add some noises to the result. Case 2 and case 3 are dealing with radiation into the air rather than concrete. As a result, the steel bars are detected by the location: reconstructed image in case 3 is shifted to the negative y-direction with respect to the image in case 2, as expected. The shape of the steel bar could not be exactly reconstructed because of the lack of wave radiation into the air.
Case 4 and case 5 are more realistic cases, which demonstrate air voids inside concrete block. Two-dimensional descriptions are illustrated in Fig. 13(d) and Fig. 13(e) . The results from both cases show that the images of square and rectangular Styrofoam's are successfully reconstructed in terms of size and location, as represented in Fig. 13(d) and Fig. 13(e) . The resolution, which is 2.5cm at 5.2GHz, was not enough to reconstruct the exact size, which can be improved by using the higher frequency, as explained in the previous numerical simulation. 
VI. CONCLUSIONS
A sub-surface focused microwave imaging technology was developed in this study for detecting damages or objects inside concrete structures. The following conclusions can be drawn from simulation analysis and experiments: (1) An imaging reconstruction algorithm using a bifocusing operator was formulated for the sub-surface imaging technology and verified through a series of numerical simulations. The results showed that the algorithm gives a uniformity of focusing intensity level and the resolution in the order of the wavelength in a dielectric medium (concrete in this case) can be achieved by focusing both in transmitting and receiving arrays. (2) A slot antenna array working in front of a dielectric medium was designed and fabricated. Through testing, it is found that the slot antenna array is appropriate to use for damage detection of concrete structures in terms of its radiation performance and bandwidth. (3) The effective focusing area of a planar antenna array is found to be a trapezoid, in which the focusing operator is effectively working. (4) From the results of the numerical simulation, steel or air objects within the effective focusing area can be successfully detected in terms of the location and the size. It was also verified that the resolution can be improved by increasing the illuminating frequency. 
